Introduction

Multidrug-resistant tuberculosis (MDR-TB) is caused by infection with strains of Mycobacterium tuberculosis
that are resistant to at least isoniazid and rifampicin [1] . Treatment of MDR-TB requires longer course duration and more expensive drugs with higher risk of toxic adverse effects, compared with treatment of drug-susceptible TB [2] . Current guidelines of the World Health Organization (WHO) [3] recommend that MDR-TB should be treated with a multidrug regimen consisting of at least four drugs, including firstline drugs (FLDs) such as ethambutol, streptomycin, and pyrazinamide, as well as second-line drugs (SLDs) such as fluoroquinolones (FQs) and second-line injectable drugs including amikacin, kanamycin, and capreomycin.
Resistance to anti-TB drugs emerges primarily owing to inappropriate treatment regimens, poor adherence to regulated treatment, previous use of anti-TB drugs, and primary infection with drug-resistant strains [4, 5] . Recent studies have suggested that resistance to SLDs has arisen as a new threat [5] [6] [7] , leading to extensively drug-resistant tuberculosis (XDR-TB), which has been found in 105 countries/regions thus far [8] , and even so-called totally drug-resistant tuberculosis [5, 9] . According to the most recent national survey in China, it was estimated that 110,000 patients developed MDR-TB, among which 8,200 were XDR-TB in 2007 [10] . In Shanghai, Li et al. reported that SLD resistance existed among 51.8% MDR-TB patients [11] . In another study, 25.1% MDR-TB patients showed resistance to FQs [12] . With greater resistance to SLDs, it is more difficult to achieve treatment success and to control the spread of drug-resistant TB.
To determine MDR-TB and initiate treatment promptly, a timely drug susceptibility testing (DST) is essential. To date, adequate laboratory capacities for rapid DST are yet to be established globally and are insufficient in high TB burden settings including China, one of the countries having heavy MDR-TB burdens [8] . A recent study reported a median delay of 102 days before getting the DST results in Shandong Province [13] . It also mentioned that misuse of SLD is common before MDR-TB diagnosis and during the routine practice of TB treatment. Given that delayed DST could result in further transmission of drug-resistant strains and inappropriate regimen consisting of SLDs [4, 10] , it is important to understand both the delays in DST before MDR-TB diagnosis and the baseline resistance to SLDs, in order to develop appropriate MDR-TB treatment regimen rapidly and strengthen control measures. This study aimed to investigate the diagnostic delay before DST and the prevalence of baseline SLD resistance among MDR-TB patients in Shanghai, one of the most developed cities of China, further, to describe the distribution of SLD resistance among patients with varied delays to DST and its influence factors.
Methods
TB Health Care Setting.
A MDR-TB control program has been set up in Shanghai since 2011, as a part of the city's comprehensive TB control program. According to the TB control setting in Shanghai, suspected cases of pulmonary TB detected in any health care facilities should be referred to designated TB hospitals, where sputum smear, culture, and chest radiography are routinely performed upon patients arrival. Isolates from positive culture are then sent to the Province Tuberculosis Reference Laboratory at the Shanghai Municipal Centre for Disease Control and Prevention (Shanghai CDC), where strain differentiation and DST for four FLDs (isoniazid, rifampicin, ethambutol, and streptomycin) are routinely performed using the proportion method [14] . Following regulations of the Shanghai MDR-TB control program, patients with Mtb strains that are resistant to at least isoniazid and rifampicin should be considered as suspected MDR-TB cases. These patients should be referred to the designated MDR-TB hospitals after DST results being reported. Diagnosis of MDR-TB is given by group consensus including pulmonary specialists and public health experts, based on DST results and clinical features in these hospitals. Confirmed MDR-TB patients will be provided for a regulated 24-month treatment course with the WHO recommended regimens.
Study Design.
The study was an observational, retrospective study using data from the TB registry and the MDR-TB management program in Shanghai. All patients with confirmed diagnosis of MDR-TB between April 2011 and December 2013 under the Shanghai MDR-TB control program were enrolled as study participants. The main outcome of this study is delays in DST, as well as baseline resistance to regular SLDs used in Shanghai.
Data Collection.
Information of confirmed patients was collected from the TB registry at the Shanghai CDC; this included age, sex, residence, hospital of TB diagnosis, and previous TB history. Dates of onset of symptoms and TB diagnosis, which were recorded by clinical doctors and reported to the TB registry as regulated, were retrieved from the registration database as well. Dates of reporting DST results were also documented in the program.
Drug Susceptibility Tests for
SLDs. For the current study, DST for SLDs including ofloxacin (Ofx), amikacin (Am), kanamycin (Km), and capreomycin (Cm) were carried out specifically among those diagnosed MDR-TB patients in the BACTEC MGIT 960 system (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) [15] at the Shanghai CDC and Shanghai Pulmonary Hospital. The tests were performed using drugs (Sigma, Taufkirchen, Germany) at the following concentrations: Ofx (2.0 mg/mL), Am (1.0 mg/mL), Km (2.5 mg/mL), and Cm (2.5 mg/mL). All DST for SLDs were performed by senior technician with WHO certification. Resistance to Am and Km was categorized into one subgroup, owing to the high prevalence of cross-resistance between these drugs.
2.5.
Definitions. MDR-TB is defined as tuberculosis caused by strains of Mtb that are resistant to at least isoniazid and rifampicin. XDR-TB is defined as MDR-TB with additional resistance to Ofx and at least one second-line injectable drug [16] . Total delay in DST completion was defined as the duration from onset of TB symptoms in the most recent disease episode to the date of reporting DST results in laboratories, which was further divided into delay in TB diagnosis (the duration from onset of TB to the date of receiving a TB diagnosis by smear microscopy) and health system delay in DST completion (the duration from TB diagnosis to reporting DST results). Patients were categorized according to WHO criteria [17] and the Chinese MDR-TB treatment guideline [18] . A new patient was defined as a patient who had never been treated for TB. A relapsed patient was defined as a previously treated patient whose last treatment outcome was successful (cured or completed treatment). A chronic patient was defined as a previously treated patient without a successful outcome in the last treatment episode.
Statistical Analysis.
Distributions of resistance to SLDs among patients with different demographic and disease profile were compared using the 2 test. The Kruskal-Wallis test was used to evaluate delays of patients with different drug resistance patterns and TB history. Unconditional logistic regression was used to investigate the association between length of delays and occurrences of SLD resistance by estimating odds ratios (ORs) and 95% confidence intervals (CIs). In the multivariate models, diagnostic delays were dichotomized by median days. Stratification analysis was applied with regard to previous TB history and residential status. Statistical tests were two-tailed with significance level set at < 0.05. All statistical analyses were performed using SAS software, version 9.1 (SAS Institute Inc., Cary, NC, USA). 
Results
Characteristics of Study Population.
During the study period, a total of 8,922 patients with bacterial-positive pulmonary tuberculosis were registered in Shanghai, among which 287 (3.2%) were confirmed as MDR-TB; none were HIV-positive. Nine patients (3.1%) were excluded owing to a lack of information on diagnostic procedure. Another two (0.7%) were later excluded for infection with nontuberculous Mycobacteria. Of the remaining 276 patients (96.2%), 217 (78.6%) had information on resistance to SLDs. Some patients with favorable sputum conversion in the early phase of TB treatment did not receive DST on SLDs. Other reasons for unavailable SLD profiles were lack of baseline sputum specimen, culture contamination, unsuccessful cultures, and failed DST. No statistically significant differences were found regarding demographic characteristics and disease profile between patients with DST results for SLDs and those without (data not shown).
Resistance to Anti-TB SLDs.
Among the 217 Mtb isolates tested, 90 (41.5%) were resistant to Ofx, 37 (17.1%) were resistant to Am/Km, and 44 (20.3%) were resistant to Cm. One hundred and eighteen patients (54.4%) harbored strains resistant to at least one SLD. Additionally, 30 patients (13.8%) were infected with XDR strains. Table 1 presents the resistance to SLDs among 217 isolates of patients. Resistance to at least one SLD was positively associated with older age (median years, 49.4 versus 39.6, = 0.002). Local residents were more likely to have resistance to Am/Km ( = 0.005) and more XDR-TB ( = 0.02), compared with domestic migrants. Chronic patients ( = 0.01) and those having TB diagnosis in municipal hospitals ( = 0.003) had higher possibility of resistance to at least one SLD. Table 2 describes the diagnostic delays among patients with different TB history and drug resistance pattern. The median of total delay in DST completion was 136 days (interquartile range (IQR) 88-235 days), while the median days of delay in TB diagnosis and health system delay in DST completion were 33 (IQR 19-56 days) and 92 (IQR 47-192 days), respectively. Chronic patients had longer total and health system delay in DST completion ( < 0.001 for both), compared with newly diagnosed cases. Those who were resistant to Ofx and second-line injectable drugs had longer total delay in DST completion ( = 0.006 for Ofx resistance and = 0.004 for Am/Km/Cm resistance) and health system delay in DST completion ( = 0.03 for Ofx resistance and = 0.002 for Am/Km/Cm resistance). Delay in TB diagnosis did not vary by drug resistance pattern and TB history.
Delay before DST.
Distribution of SLD Resistance and Delays in DST.
In the multivariate regression analysis, the adjusted ORs of having a total delay in DST longer than median days were 2.22 (95% CI: 1.19-4.11) for resistance to at least one SLD and 2.03 (95% CI: 1.05-3.39) for Ofx resistance. In terms of health system delay in DST completion, the ORs were 3.44 (95% CI: 1.79-6.61) for resistance to at least one SLD and 2.59 (95% CI: 1.32-5.09) for Ofx resistance. Delay in TB diagnosis was not significantly associated with SLD resistance (Table 3 ). The possible link between delays and SLD resistance was further analyzed, stratified by residential status and previous TB history (Table 4) . Local patients experiencing longer delays were more likely to have resistance to any SLD (OR 2.35; 
Discussion
The emergence of XDR-TB has jeopardized global TB control achievements and threatened the accomplishments of the WHO End TB Strategy. Globally, the treatment success rate among patients with MDR-TB varies between 49% and 65% [8] . This could worsen with increased resistance to anti-TB SLDs [19] . In the current study, long delays before the completion of a conventional DST were observed among MDR-TB patients in Shanghai. Meanwhile, baseline resistance to SLDs was found to be prevalent. Since both primary and acquired drug resistance could occur during unnecessary delay before diagnosis, our findings call for more specific interventions to accelerate the diagnosis of MDR-TB. In this study, it took a median of 33 days for patients to get a microscopy-based TB diagnosis, which is close to other reports in China [20, 21] . Before conventional DST, several additional weeks would be spent on sputum culturing, patient transferring, and waiting in laboratory. These steps created a median health system delay in DST completion of 92 days. Although it was shorter than that in other province in China and other countries, such as India [13, 22] , the total delay in DST (over 4 months) was still substantial when we considered the patient's delay all together. Delayed DST using conventional method could increase the risk of continued transmission of drug-resistant TB, progression of the disease, and poor treatment outcome [4, 10] . In practice, patient contacting and group expert consensus are needed to confirm MDR-TB, and the initiation of proper treatment could be further delayed in Shanghai. Given the high burden of MDR-TB in China [8] , this diagnostic gap could cripple the current TB control setting, leading to more drug-resistant patients and lower treatment success rate.
Our population-based observational study demonstrated that 54.4% MDR-TB patients in Shanghai had already had resistance to at least one SLD, which was even worse than that in other reports in China (51.8%) [11] , India (44.8%) [23] , Russia (43.3%) [24] , and Poland (30.4%) [25] . SLD-resistant TB arises mainly from direct transmission [4, 10, [26] [27] [28] . In this study, SLD resistance seemed to exist more frequently among patients who endured longer diagnostic delay, after being adjusted with demographic and disease profiles. For example, patients with longer total delay in DST were more than twice more likely to have resistance to Ofx. Similar pattern existed in health system delay in DST. The high SLD resistance rate could be partly driven by transmission of drug-resistant strains in the prolonged diagnostic procedure. Before available DST results, repeated visiting to TB hospitals could occur, and strains with resistance beyond MDR might therefore spread [5, 27] . Currently, there are only 3 MDR-TB hospitals in Shanghai, serving a resident population of over 24 million, together with floating patients from all over the country. Within these hospitals, patients with SLD-resistant strains presented to crowded outpatient departments, in which long waiting lines exist due to the limited capacities, thereby increasing the risk of nosocomial transmission [29] , particularly when the ventilation was inadequate [30] . We found that patients diagnosed in 3 municipal level TB hospitals presented more SLD resistance than those in 30 district level hospitals (77 cases, 60.6% versus 36 cases, 42.4%, = 0.003), suggesting the risk of nosocomial transmission in these hospitals.
Despite primary transmission, SLD resistance could be independently acquired [31] [32] [33] . During initial treatment of TB, irrational and inadequate use of SLDs could be common in China [13] . Therefore, it is possible that MDR strains could evolve to XDR before initiating treatment with SLDs. Given that FQs, which are widely used in China, can lead to both delayed TB treatment [34, 35] and fluoroquinolone resistance [35, 36] , previous use of FQs for treating respiratory and other bacterial infections could further increase the risk of acquired Ofx resistance [34, 37] , even with short duration of exposure [37] .
The potential link between longer delay and SLD resistance was found only among patients with TB history and local residents. In general, previously treated patients had more visiting to health care facilities. Local residents in Shanghai usually have better financial status and medical insurance and therefore have more opportunity to seek health care. Consequently, the cumulative duration and frequency of exposure to SLD-resistant strains in the health care facilities could be more intensive among these patients. As Hu et al. indicated, multiple transmissions of SLD-resistant strains could occur within local TB dispensaries or communities [26] . This finding suggests that previously treated TB patients and local patients might be at higher risk of SLD resistance.
Considering the long diagnostic delay and increased prevalence of SLD-resistant TB in Shanghai, current measures for MDR-TB control have come under challenge. To address this situation, new generation of rapid DST techniques might be the key, especially for relapsed and chronic patients. For example, the GenoType MTBDRsl assay can both reduce diagnostic delay of MDR-TB and detect resistance to FQ and injectable drugs simultaneously [38] . Appropriate regimen with SLDs can be timely formed when these methods are introduced. With the financial resources and comprehensive TB control setting in Shanghai, it is possible to provide all TB patients with rapid DST diagnosis at the time of smear microscopy. Meanwhile, nosocomial infection control should be further improved in TB hospitals, and the use of FQs should be more firmly supervised.
As a registry system based, cross-sectional study, this study incurred some limitations. First, we only had one DST profile for SLDs; thus, the time to resistance to SLDs remained unknown. Further study with multiple followup DSTs is essential to understand the development of drug-resistant tuberculosis. Second, times of TB hospitals visiting before DST were not available; thus the frequency of potential exposure to drug-resistant strains remained unclear. Third, ofloxacin and other SLDs may have been used during differential diagnosis and previous treatment, but we were unable to collect such details because history of these drugs was not compulsorily recorded. Fourth, recall bias concerning the onset of symptoms might exists, especially among chronic patients. Besides, resistance to other SLDs, such as prothionamide and p-aminosalicylic acid, was not evaluated.
Conclusions
In summary, the average delay days to get DST results among MDR-TB patients in Shanghai could be longer than 136 days. More than 54% MDR-TB patients had already developed resistance to SLDs at the time of MDR-TB diagnosis. SLD resistance was more likely to occur among patients with longer delay in DST, which suggests the increased risk of direct transmission and stepwise evolved acquisition. The rapid diagnosis of MDR-TB should be scaled up in resource available areas to reduce delay in DST. Also, the use of SLDs should be regulated in TB treatment, in line with the nosocomial infection control in TB hospitals.
